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lence	and	transmission	and	how	they	shape	the	co-evolutionary	dynamics	 is	essential	 for	gaining	 fur-
ther	insights	into	host-parasite	interaction.	
In	this	thesis,	single	generation	experiments	and	experimental	evolution	were	used	to	explore	the	im-
pact	of	 the	environment	on	host-parasite	 interaction	and	 their	evolution.	Firstly,	 the	 role	of	 resource	
variability	on	the	life	history	of	the	mosquito	host	Ae.	aegypti	was	investigated.	Secondly,	the	relation-
ship	 between	 the	 growth	of	 the	parasite	V.	 culicis	and	 the	health	of	 its	mosquito	 host	was	 explored	
across	 ecological	 variables.	 The	 parasites	 growth	 rate	 and	 asymptotic	 load	 was	 estimated	 and	 com-



















Beaucoup	 de	 parasites	 provoquent	 des	 pathologies	 et	 de	 la	 mortalité	 et	 peuvent	 être	 une	
source	majeure	de	sélection	sur	leur	hôte,	en	appliquant	une	forte	pression	de	sélection	sur	l’évolution	
de	 leurs	 stratégies	 de	 défense.	 Les	 changements	 de	 tolérance	 et	 de	 résistance	 de	 l’hôte	 face	 au	
pathogène	peuvent	fortement	influencer	la	propagation	d’une	maladie,	et	donc	influencer	la	sélection	




Dans	 cette	 thèse,	 des	 expériences	 sur	 une	 seule	 génération	 et	 des	 expériences	 d’évolution	 expéri-
mentale	ont	été	utilisées	pour	explorer	 l’impact	de	 l’environnement	sur	 les	 interactions	hôte-parasite	
et	leur	évolution.	Premièrement,	le	rôle	de	la	variabilité	des	ressources	sur	l’histoire	de	vie	de	l’hôte,	le	
moustique	Ae.	aegypti,	a	été	investigué.	Deuxièmement,	le	lien	entre	la	croissance	du	parasite	V.	culicis	
et	 la	 santée	 de	 son	 hôte	 moustique	 a	 été	 exploré	 sous	 différentes	 conditions	 écologiques.	
Troisièmement,	 le	 rôle	de	 la	disponibilité	des	ressources	sur	 l’évolution	de	 la	 tolérance	et	de	 la	 résis-
tance	de	 l’hôte	au	pathogène	a	été	exploré.	Finalement,	 l’impact	de	 l’environnement	et	des	parasites	
sur	 l’évolution	 des	 traits	 d’histoire	 de	 vie	 de	 l’hôte	 a	 été	 étudié.	 Les	 expériences	 introduites	 ici	 ont	
montré	que	des	 conditions	 environnementales	 variables	peuvent	 influencer	beaucoup	d’aspects	 cen-







































































killed	by	viruses	every	day	and	 that	 in	 the	ocean	1023	new	viral	 infections	occur	every	 second	 (Suttle	
2007).	There	are	more	than	1,400	described	parasite	species	that	can	 infect	humans	(Woolhouse	and	
Gowtage-Sequeria	 2005)	 and	 approximately	 15%	 of	 human	 death	 is	 caused	 by	 pathogens.	 Malaria	
alone	accounts	 for	20%	of	childhood	mortality	and	 in	2015	there	were	an	estimated	214	million	new	





stay	 in	 small	 frequencies,	 has	 fascinated	 the	 scientific	 community	 for	 decades.	 Such	 diverse	 disease	
characteristics	are	the	result	of	complex	co-evolutionary	dynamics	between	hosts	and	parasites.	Para-
sites	 that	cause	pathology	and	mortality	can	be	a	major	source	of	selection	on	their	hosts.	The	hosts	
have	evolved	diverse	mechanisms	of	defense	 to	 reduce	 the	 success	of	 infection,	 increase	 the	 rate	of	






















ly	 when	 hosts	 develop	 tolerance	 instead	 of	 resistance,	 when	 there	 is	 enhanced	 competition	 for	 re-
sources	or	when	immunopathology	causes	a	big	part	of	the	damage	(Restif	and	Graham	2015).	For	ex-
ample	 it	 has	 been	 shown	 that	 co-evolutionary	 dynamics	 can	be	 altered	by	 resource	 availability;	 high	
resource	 levels	 leads	 to	decreased	 fluctuating	selection	 in	 resistance	 (Lopez	Pascua	et	al.	2014).	Such	
studies	illustrate	the	need	to	understand	host-parasite	interactions	in	an	“eco-co-evolutionary”	context	




of	host-parasite	 interactions,	one	 fundamental	aspect	of	parasites	 is	generally	 ignored:	 that	parasites	
steal	 resources	 from	their	host	 to	 support	 their	own	development	 (see	 (Smith	1993;	Hall	et	al.	2007;	
Hall	et	al.	2009a;	Hall	et	al.	2010)	for	exceptions).	In	addition	to	genetic	factors	of	hosts	and	parasites,	
resource	availability	has	been	recognized	as	a	key	aspect	 in	the	dynamics	of	 infectious	diseases,	 influ-














2000)	 so	 that	 the	 lower	 the	 food	 availability,	 the	 higher	 the	 costs	 of	 parasitism	 (Ferguson	 and	 Read	
2002).	For	example,	the	flea	Xenopsylla	ramensis	produces	more	eggs	when	feeding	on	hosts	experienc-
ing	 diet	 restriction	 (Krasnov	 et	 al.	 2005).	 On	 the	 other	 hand,	 a	 parasite	 uses	 the	 host’s	 internal	 re-
sources	for	its	own	development.	Accordingly,	hosts	reared	on	high	levels	of	food	may	store	more	en-
ergy	 reserves	 and	 therefore	 present	 a	 better	 environment	 for	 the	 parasite	 to	 develop.	 Indeed,	 en-
hanced	qualities	and	quantities	of	 resources	 increase	 the	production	of	effective	propagules	of	para-
sites	(e.g.	ascogregarines	(Tseng	2006)	or	microsporidians	(Agnew	and	Koella	1999b;	Bedhomme	et	al.	
2004))	 in	mosquitoes,	 and	 trypanosomes	 in	 bumble-bees	 (Brown	 et	 al.	 2000),	 but	 also	 increase	 host	
survival	(as	in	(Jokela	et	al.	1999)),	and	can	negatively	affect	host	reproductive	success.	Well-fed	daph-




evolution	 of	 host-parasite	 interactions,	 ignoring	 the	 impact	 of	 resource	 availability	 limits	 our	 under-
standing	of	host-parasite	interactions	and	evolution.	Studying	these	traits	under	different	resource	lev-
els	 is	 therefore	vital	 to	understand	 the	parasites	within	host-dynamics	 (e.g.	 the	 relationship	between	
parasite	burden	and	host	health),	which	plays	an	important	role	in	the	evolution	of	parasites	and	hosts	
(Antia	et	al.	1994;	Alizon	and	van	Baalen	2005a).	By	considering	that	the	host’s	natural	habitat	can	vary	
drastically	 in	 space	 and	 time,	 our	 understanding	of	 host-parasite	 interactions,	 their	 co-evolution,	 the	




















1.1)	and	how	this	 influences	their	evolution.	 I	use	the	mosquito	Aedes	aegypti	and	 its	microsporidian	








Resource	 availability	 is	 as	 key	 component	 of	 life	 history	 theory	 because	 of	 its	 role	 in	 determining	

















trade-off	 between	 virulence	 and	 the	 rate	 of	 transmission	 (Anderson	 and	May	 1979;	 Alizon	 and	 Lion	
2011,	Gandon	et	al.	2001;	Dieckmann	et	al.	2002).	Underlying	this	assumption	is	the	idea	that	parasites	




1983).	The	general	assumption	that	parasite	burden	 is	positively	correlated	with	 its	virulence	holds	 in	
several	systems	(Mellors	et	al.	1996;	Mackinnon	and	Read	1999;	De	Roode	et	al.	2008;	De	Roode	and	
Altizer	 2010).	 However,	 because	 resource	 availability	 has	 been	 shown	 to	 influence	 parasite	 growth	





















resistance	 (Roy	 and	 Kirchner	 2000;	Miller	 et	 al.	 2006).	One	 example	 that	 illustrates	 the	 evolutionary	


























The	 Tasmanian	 devils	 responds	 to	 this	 strong	 selection	 pressure,	 by	 a	 16-fold	 increase	 in	 precocious	
sexual	maturity	(Jones	et	al.	2008).	Such	an	alteration	in	life	history	can	be	seen	as	a	form	of	resistance,	
which	might	 lead	to	complex	co-evolutionary	dynamics	between	the	 life	histories	of	the	host	and	the	
parasites.	 In	 the	 fifth	chapter	 I	aim	to	study	how	coevolving	and	constant	parasites	can	 influence	the	
hosts’	life	history	under	different	resource	levels.	Studying	the	role	of	resource	availability	is	potentially	
relevant	 because	 trade-offs	 between	 different	 life	 history	 traits	 might	 only	 be	 detectable	 when	 re-
sources	are	scarce.	Accordingly,	variable	environments	might	influence	the	long-term	host	evolution.	
	1.3 Experimental	system	
In	 this	 thesis	 the	mosquito	species	Aedes	aegypti	and	 its	microsporidian	parasite	Vavraia	culicis	were	



































(USDA,	Gainesville,	USA).	 It	 is	 a	natural	parasite	of	 several	 genera	of	mosquitoes	 including	Aedes	ae-
gypti	(Weiser	and	Coluzzi	1972).	Natural	prevalence	rates	of	infection	ranging	from	less	than	1%	up	to	










2005).	The	parasite	 is	 transmitted	 in	 two	ways.	First,	 transmission	can	occur	 from	 larva	 to	 larva	after	
larval	death.	In	particular	cases	of	food	stress	or	strong	infection	(Bedhomme	et	al.	2004)	larval	death	is	
























Like all microsporidia, Vavraia culicis is an obligate 
endocellular parasite of several mosquito genera, including 
Aedes, Culex and Anopheles. Natural prevalence rates of 
infection range between 1% and 54% depending on the 
mosquito species and geographical location [69]. Vavraia 
culicis is horizontally transmitted when mosquito larvae ingest 
its spores. The spores first  infect the mosquito gut epithelial 
cells, and the infection then spreads to other gut  and fat body 
cells. After several rounds of replication within a larva, the 
parasite begins to produce its infectious spores. In some cases, 
in particular in conditions of food stress or intense infection 
[15], these kill the larva or pupa and are released into the 
breeding site, thus initiating another round of horizontal 
transmission. In other cases, larvae juveniles the infection and develop into adults (without clearing the 
infection). There is no transovarial transmission (i.e. the parasite does not penetrate the eggs of infected 
females), but spores can adhere to the surface of the egg  and infect th  newly hatched larvae [69].
Resources affect life-histories of the host and parasite of this project
Resource availability is a key component of the interaction between mosquitoes and microsporidians. Larval 
food influences, for example, the mosquito’s 
growth rate and age at metamorphosis 
[15,70,71]). The resources available to the host 
are also important  for the dynamics of the 
parasite within its hosts. Increasing larval food 
increases the production of spores [15], probably 
because of a direct influence of the energy 
available to the parasite (as in [8]) and an indirect influence via the host’s life-history, in particular body size, 
that constrains the parasite’s development (as in [70]). Larval food also influences the parasite’s virulence: less 
food increases the probability that infected mosquitoes die before their emergence [15,71] and decreases the 
longevity of infected adults [71]. It thus largely affects the parasite’s transmission route, either horizontally from 
dead juveniles or vertically from females as they lay their eggs. Although the mechanisms underlying virulence 
are not known, they may include a direct effect of  the parasite (as assumed in many models, e.g. [46-48]) or the 
depletion of energy below a threshold necessary for the host’s survival [8,72]}.
Choice of experimental system
The mosquito Aedes aegypti is the major vector of dengue and yellow fever. It  is a subtropical mosquito, whose 
larvae grow in natural or artificial containers [73]. It  is a very well-studied organism: its ecology is known in 
detail [74], it has been a model organism in insect  physiology [75], and its full genome has been published [76]. 
Its eggs can be hatched synchronously, and it can be reared easily in the laboratory.
The Vavraia-Aedes system is well suited for this research for many reasons. (i) The host  and parasite have short 
generations, enabling rapid single-generation experiments and feasible experimental evolution. (ii) The 
mosquito’s eggs and the parasite’s spores can be stored for several months, which simplifies the logistics of 
experiments and enables to compare the evolved host  and parasite with the original populations. (iii) The 
resource availability and the exposure of the host  to the parasite are easy to control. (iv) The influence of the 
























































Despite	a	 large	body	of	 knowledge	about	 the	evolution	of	 life-histories,	we	know	 little	 about	































has	 received	considerably	 less	attention:	 that	 resource	 levels	can	vary	during	an	 individual’s	develop-
ment.		
Even	though	there	 is	substantial	evidence	that	variation	 in	 food	 levels	during	development	can	affect	
age	and	size	at	maturity	(e.g.	Leips	&	Travis	1994;	Hentschel	&	Emlet	2000),	we	know	little	about	how	
this	 variation	 affects	 reproductive	 success	 and	adult	 survival.	As	 food	 restriction	 severely	 affects	 life-
history	parameters	 -	 it	generally	slows	growth,	delays	maturity	and	 leads	 to	small	adults	with	 low	fe-














(physiological/cellular	 level),	which	are	often	only	evident	much	 later	 in	 life	 (Metcalfe	and	Monaghan	
2001;	Alonso-Alvarez	et	al.	2007;	De	Block	and	Stoks	2008).	Indeed,	diet	restriction	is	often	associated	








as	growth	rate,	 longevity	and	age	at	maturity	have	acquired	some	attention,	 little	 is	known	about	 its	
role	on	reproductive	success.		
In	this	study,	we	provide	data	on	the	effect	of	variability	in	developmental	food	conditions	(leading	to	












of	 food	 (Day	 1:	 0.06mg	 of	 tetramin	 fish	 food,	 day	 2:	 0.08mg,	 day	 3:	 0.16mg,	 day4:	 0.32mg,	 day	 5:	
0.64mg,	day	6	or	later:	0.32mg)	or	with	half	of	the	standard	diet	during	either	early	(0	to	3	days	after	





the	 four	 feeding	 regimes	 and	 fed	 every	 24	 hours	with	 the	 appropriate	 amount	 of	 food.	 Pupae	were	
moved	 to	300ml	plastic	 cups	containing	deionized	water	and	a	piece	of	 filter	paper	as	an	oviposition	
substrate.	The	cups	were	covered	with	mosquito	netting,	and	cotton	wool	moistened	with	10%	sugar	









experiment	was	 stopped	after	 six	 rounds	of	 egg-laying,	 at	which	 time	85.4	%	of	 the	mosquitoes	had	
died.		2.2.3 Trait	measurement	
We	estimated	 larval	body	size	by	 taking	standardized	digital	pictures	of	all	 individuals	every	24	hours	






adult	 size.	 The	 wings	 were	 removed	 and	 mounted	 on	 microscope	 slides.	 The	 slides	 were	 digitally	
scanned	and	the	wings	were	measured	with	IMAGEJ	2.2.4 Statistical	analysis	
We	considered	only	 females,	 and	 ignored	 the	 growth	of	 the	6	 (out	 of	 384)	 individuals	 that	 had	died	
before	pupation.	We	assayed	185	female	mosquitoes,	between	43	and	49	in	each	food	treatment.	The	
difference	 in	size	between	age	0	and	age	4	 (early	growth)	was	evaluated	with	an	analysis	of	variance	











ity;	 using	 proportional	 hazards	 gave	 similar	 results	 (not	 shown).	 Wing	 length	 was	 analyzed	 with	 an	







quasi-Poisson	distribution	 (corrected	 for	overdispersion).	 In	both	analyses,	we	 included	early	and	 late	
food	and	 their	 interaction	as	 fixed	 factors	and	wing	 length	as	a	potential	 confounder.	Third,	we	ana-
lyzed	the	age-specific	clutch	sizes	(considering	only	those	blood-feeds	after	which	at	least	one	egg	had	
been	 laid)	with	a	mixed	effect	ANOVA,	using	early	 food,	 late	 food,	 clutch	number	 (i.e.	age)	and	 their	
interactions	as	fixed	factors,	wing	length	as	a	potential	confounder,	and	mosquito	as	a	random	effect.	


























	 Late	growth	 	 Age	at	emergence	 Wing	length	
Factor	 df	 F	 SS	 p	 df	 χ2	 p	 df	 F	 SS	 p	
Early	food	 1	 5.07	 1.77	 0.026	 1	 173.6	 <0.001	 1	 2.84	 0.08	 0.094	
Late	food	 1	 14.87	 5.18	 <0.001	 1	 25.5	 <0.001	 1	 41.21	 0.02	 <0.001	
Early	food	*	late	food	 1	 0.24	 0.08	 0.63	 1	 6.6	 0.01	 1	 0.13	 <0.01	 0.721	
Size	at	age	4	 1	 90.62	 31.57	 <0.001	 	 	 	 	 	 	 	










































Age	at	 emergence	 increased	 from	9.9	days	 (se	=	0.11)	 for	mosquitoes	 consistently	 fed	 the	high	 food	
level	to	11.9	days	(se	=	0.09)	for	mosquitoes	consistently	fed	the	low	food	level	(Fig.	2.2d).	Mosquitoes	
























































































































Adult	 mosquitoes	 lived	 longest	 if	 they	 had	 been	 reared	 on	 low	 food	 throughout	 their	 development	
(39.1	days	±	1.97;	this	and	other	averages	are	biased,	for	the	experiment	was	stopped	when	14.6%	of	
the	mosquitoes	were	still	alive),	followed	by	those	that	had	switched	from	low	food	to	high	food	when	
they	were	four	days	old	 (36.8	days	±	2.44).	 In	contrast	 to	the	size	of	adult	mosquitoes,	 longevity	was	








opment	 (Table	 2.2).	 Similarly,	 the	 total	 number	 of	 eggs	 was	 highest	 for	 mosquitoes	 that	 had	 been	
reared	on	high	food	throughout	their	development	(67	±	8.1),	lowest	for	mosquitoes	that	had	switched	
food	 from	high	 to	 low	(31	±	5.2)	and	 intermediate	 for	mosquitoes	 that	had	been	reared	on	 low	food	
early	in	their	development	(for	LL:	38	±	4.7;	for	LH:	48	±	6.9)	(Table	2,	Fig.	2.3C).	Late	food	environments	
had	significant	effects	 in	determining	the	probability	of	 laying	eggs	and	the	total	number	of	eggs.	The	







Factor	 df	 χ2	 p	 χ2	 p	 χ2	 p	
Early	food	 1	 3.87	 0.049	 0.74	 0.39	 0.03	 0.857	
Late	food	 1	 0.22	 0.636	 4.58	 0.032	 11.79	 <0.001	
Early	food	*	late	food	 1	 <0.01	 0.969	 4.00	 0.046	 3.66	 0.055	














The	 clutch	 size	 (considering	 only	 those	 blood-feeds	 after	 which	 at	 least	 one	 egg	 had	 been	 laid)	 de-
creased	with	the	age	of	adult	mosquitoes	(Fig.	2.4).	Food	level	during	late	larval	life	affected	the	num-
ber	of	eggs	in	the	first	clutch	and	the	rate	at	which	fecundity	decreased	with	age	was	influenced	by	the	
interaction	between	early	and	 late	 food	 treatment	 (Table	2.3).	 Switching	 from	 low	 food	 to	high	 food	





























































































Factor	 df	 F	 SS	 p	
Early	food	 1	 0.02	 2.8	 0.885	
Late	food	 1	 15.00	 2005.0	 <	0.001	
Early	food	*	late	food	 1	 3.67	 490.6	 0.056	
Wing	length	 1	 0.15	 19.8	 0.700	
Clutch	number	 1	 33.81	 4518.5	 <	0.001	
Clutch	number	*	early	food	 1	 0.29	 38.3	 0.593	
Clutch	number	*	late	food	 1	 0.61	 81.8	 0.435	
Clutch	 number	 *	 early	 food	 *	 late	
food	
1	 5.52	 737.6	 0.020	


























life-history	 traits	 we	 investigated:	 adult	 size,	 fecundity,	 survival	 and	 reproductive	 success.	 Thus,	 for	
example,	wing	 length	was	determined	mainly	by	 food	availability	during	 late	 larval	development,	 sur-
vival	by	food	availability	during	early	development,	and	total	number	of	eggs	by	a	combination	of	the	
two.	
When	 food	 availability	was	 held	 constant	 during	 the	mosquitoes’	 development,	 their	 life-history	 fol-
lowed	the	general	predictions	of	life-history	theory	(e.g.	Stearns	and	Koella,	1986):	low	food	thus	led	to	
slow	growth,	 late	pupation,	 small	adults,	and	 low	 fecundity.	 It	also	corroborates	many	studies	where	










velopment	(Figure	2.4),	 these	results	could	mean	that	compensatory	growth	early	 in	 life	 is	associated	
with	reproductive	costs	 later	 in	 life,	which	lead	to,	 in	our	 laboratory	conditions,	 lower	life-time	repro-
ductive	success.	In	addition	to	considerable	evidence	for	trade-offs	between	life-history	traits	early	and	
late	 in	 life,	both	from	laboratory	situations	 (e.g.	Rose	1984)	and,	more	recently,	 from	natural	popula-
tions	 (Lemaître	et	al.	2015),	our	 results	support	 the	 findings	of	Auer	et	al.	 (2010),	which	suggest	 that	
there	are	 reproductive	costs	associated	with	compensatory	growth.	The	 trade-off	we	observed	raises	
the	question	about	the	adaptive	nature	of	compensatory	growth.	However,	although	in	our	laboratory	






















food	 availability	 varies	 during	 the	mosquito’s	 development,	 the	 environmental	 factor	 over	 two	 time-
periods	 that	determined	body	size	 (food	availability	during	early	and	during	 late	development)	affect	










toes	has	 strong	effects	on	adult	 size,	 reproductive	success	and	mortality	of	adult	 females,	with	some	
traits	being	mostly	affected	by	the	food	availability	 in	early	development	and	other	being	affected	by	











ing	of	 the	evolution	of	 life-histories	will	be	greatly	enhanced	 if	we	consider	 the	effects	of	varying	the	




















suffer	 as	 parasite	 load	 increases,	 and	 that	 the	 relationship	 between	 growth	 and	 virulence	 is	 similar	
among	 environments.	We	 investigated	whether	 the	 interaction	 between	 the	 parasite	Vavraia	 culicis	
and	its	host,	the	mosquito	Aedes	aegypti,	is	affected	by	three	aspects	of	the	environment:	the	amount	
of	 food	available	to	 larvae	and	to	adults,	and	the	age	at	 infection.	We	measured	spore	 load	and	esti-
mated	the	parasite’s	growth	rate	and	asymptotic	 load	 in	mosquitoes	that	died	during	the	experiment	
and	 in	 haphazardly	 selected,	 living	 mosquitoes.	 In	 most	 environments,	 the	 probability	 of	 infection,	
spore	 load,	 both	measures	 of	 the	 parasite’s	 development	were	 higher	 in	 dead	 than	 in	 age-matched	
living	 mosquitoes,	 corroborating	 the	 idea	 that	 virulence	 increases	 with	 the	 parasite’s	 development.	









theoretical	attempts	 to	understand	 this	variation	 rely	on	 the	assumption	 that	 there	 is	a	 trade-off	be-
tween	the	rate	of	transmission	and	the	duration	of	the	transmission	period	(Anderson	and	May	1979;	




Many	aspects,	however,	of	 the	 relationship	between	parasite	 load	and	 the	host’s	death	are	obscure.	
While	several	examples	 indeed	show	that	greater	parasitemia	can	 increase	the	risk	of	death	(e.g.	HIV	
(Mellors	 et	 al.	 1996),	 rodent	malaria	 (Mackinnon	 and	 Read	 1999;	Mackinnon	 and	 Read	 2004)	 and	 a	
gregarine	 parasite	 of	monarch	 butterflies	 (De	 Roode	 et	 al.	 2008;	 De	 Roode	 and	 Altizer	 2010),	many	
















individuals	 is	 often	 not	measured,	 so	 that	we	 do	 not	 know	whether	 dead	 individuals	 indeed	 harbor	
more	parasites	 than	 surviving	ones.	 Yet	 this	 is	 a	 critical	 assumption	 if	we	want	 to	 conclude	 anything	
about	a	relationship	between	parasite	load	and	death.	If	the	environment	indeed	changes	the	relation-
ship	 between	 the	 parasite’s	 growth	 and	 virulence,	 testing	 ideas	 about	 the	 evolution	 of	 virulence	 by	









culicis.	We	compare	the	number	of	spores	 in	dead	mosquitoes	and	 in	a	sample	of	age-matched	 living	
mosquitoes.	This	allows	us	to	decouple	the	effect	of	parasite	 load	from	the	 longevity	of	the	host.	We	
further	model	the	development	of	the	parasite	within	the	living	and	the	dead	mosquitoes	and	compare	











or	after	 larval	death.	 In	some	cases,	e.g.	with	 food	stress	or	heavy	 infection	(Bedhomme	et	al.	2004),	
















Each	 larva	was	haphazardly	assigned	to	one	of	 the	eight	 treatments	and	 fed	every	24	hours	with	 the	
appropriate	amount	of	food.	We	exposed	larvae	to	infection	by	adding	2.0	x	105	spores	in	100µl	deion-
ized	water	per	 individual.	Pupae	were	moved	 to	50	ml	Falcon	 tube	containing	deionized	water	and	a	
piece	of	filter	paper.	The	cups	were	covered	with	mosquito	netting,	and	mosquitoes	were	given	access	
to	cotton	wool	moistened	with	either	10%	or	2%	sugar	solution.	To	estimate	the	parasite’s	growth,	we	
counted	spores	from	all	 the	dead	 individuals	and,	starting	eleven	days	after	hatching,	 from	a	haphaz-
ardly	 selected	 sample	 (8-12	 individuals)	 of	 living	mosquitoes	of	 each	 treatment.	 The	experiment	was	
stopped	when	all	of	the	mosquitoes	had	died	(32	days	after	hatching).		3.2.3 Trait	measurement	
The	 size	 of	 adults	was	 assayed	 as	 the	mean	 of	 their	wing	 length,	which	 strongly	 correlates	with	 the	




bead.	We	 crushed	 the	mosquitoes	by	 shaking	 the	 tube	 for	4	minutes	 at	 35	Hz	 (Tissue	 Lyser,	Qiagen,	
Valancia,	California).	The	steal	bead	was	removed	and	the	spores	were	counted	in	a	sample	of	the	solu-
tion	with	a	haemocytometer	(Neubauer	improved).	3.2.4 Statistical	analysis	 	
We	assayed	2014	mosquitoes	 (between	248	 and	253	 in	 each	 treatment)	 of	which	925	became	adult	
females	 (between	 61	 and	 131	 in	 each	 treatment).	 For	 the	 analysis	 of	 the	 juvenile	mortality	 the	 two	
adult	 food	 treatments	were	pooled.	A	generalized	 linear	model	 (GLM)	 fitted	with	a	binary	 logistic	 re-
gression	was	performed	to	determine	the	effects	of	larval	food,	age	at	infection	and	their	interaction	on	











! = ! ∗ (1 − !!!∗!)	
Equation	3:1	-	Parasite	growth	equation	















two	and	reared	on	high	food	(13.5%	CI:	 	 lower	 limit	=	10.7	%,	upper	 limit	=	16.7	%)	had	 intermediate	
risks	of	juvenile	death.	Larval	food	(χ2	=	17.9,	p	<	0.001)	and	age	at	infection	(χ2	=	15.9,	p	<	0.001),	but	
not	their	interaction	(χ2	=	3.02,	p	=	0.082),	had	significant	effects	influencing	juvenile	mortality.		3.3.2 Probability	of	infection,	spore	load	and	parasite	growth:	






























































































































































Factor	 df	 χ2	 p	 χ2	 p	
Survival	 1	 2.40	 0.121	 4.89	 0.027	
Larval	food	 1	 1.49	 0.223	 7.34	 0.006	
Adult	food	 1	 1.39	 0.239	 1.35	 0.245	
Age	at	infection	 1	 7.51	 0.006	 12.42	 <0.001	
Survival	*	larval	food	 1	 0.86	 0.354	 0.23	 0.635	
Survival	*	adult	food	 1	 0.58	 0.446	 1.19	 0.276	
Larval	food	*	adult	food	 1	 2.44	 0.118	 0.08	 0.779	
Survival	*	age	at	infection	 1	 0.73	 0.393	 1.08	 0.298	
Larval	food	*	age	at	infection	 1	 1.92	 0.166	 10.17	 0.001	
Adult	food	*	age	at	infection	 1	 1.00	 0.318	 0.61	 0.437	
Survival	*	larval	food	*	adult	food	 1	 0.51	 0.477	 0.29	 0.591	
Survival	*	larval	food	*	age	at	infection	 1	 0.62	 0.431	 0.61	 0.433	
Survival	*	adult	food	*	age	at	infection	 1	 1.32	 0.250	 0.78	 0.378	
Larval	food	*	adult	food	*	age	at	infection	 1	 3.04	 0.081	 3.02	 0.082	













































































































Factor	 df	 F	 p	 F	 p	
Survival	 1	 68.533	 <0.001	 11260.34	 <0.001	
Larval	food	 1	 0.059	 0.8086	 12.745	 <0.001	
Adult	food	 1	 0.110	 0.7398	 4.325	 0.0382	
Age	at	infection	 1	 0.384	 0.5356	 16.900	 <0.001	
Survival	*	larval	food	 1	 <0.01	 0.9894	 2.136	 0.1447	
Survival	*	adult	food	 1	 0.128	 0.7203	 9.670	 0.002	
Larval	food	*	adult	food	 1	 0.071	 0.7904	 0.012	 0.9115	
Survival	*	age	at	infection	 1	 0.251	 0.6163	 13.574	 <0.001	
Larval	food	*	age	at	infection	 1	 0.039	 0.8434	 26.167	 <0.001	
Adult	food	*	age	at	infection	 1	 0.381	 0.5376	 2.503	 0.1143	
Survival	*	larval	food	*	adult	food	 1	 0.063		 0.8020	 0.053	 0.8173	
Survival	*	larval	food	*	age	at	infection	 1	 0.450	 0.5026	 3.499	 0.0621	
Survival	*	adult	food	*	age	at	infection	 1	 0.086	 0.7689	 14.462	 <0.001	
Larval	food	*	adult	food	*	age	at	infection	 1	 0.805	 0.3702	 7.070	 0.0081	






interaction	 between	 larval	 and	 adult	 food,	 and	 the	 three-way	 interaction	 between	 larval	 food,	 adult	




































Factor	 df	 χ2	 p	
Larval	food	 1	 0.44	 0.509	
Adult	food	 1	 0.44	 0.509	
Age	at	infection	 1	 7.49	 0.006	
Larval	food	*	adult	food	 1	 38.67	 <	0.001	
Larval	food	*	age	at	infection	 1	 0.09	 0.769	
Adult	food	*	Age	at	infection	 1	 0.34	 0.561	
Larval	food	*	Adult	food	*	age	at	infection	 1	 20.98	 <	0.001	
Wing	length	 1	 0.41	 0.522	
	3.4 Discussion	
The	 food	of	Aedes	aegypti	and	 the	age	at	 infection	greatly	altered	 the	dynamics	of	 the	host	parasite	
interaction	by	 influencing	 the	probability	of	 infection	 the	growth	of	 the	parasite	and	 the	 longevity	of	
the	host.	The	probability	of	infection	was	mainly	determined	by	age	at	infection,	the	spore	load	by	lar-




























































infection	and	 if	 they	obtained	 less	 food.	This	 is	consistent	with	 the	 literature	 that	 less	 food	enhances	
juvenile	mortality	(Bedhomme	et	al.	2004;	Lorenz	and	Koella	2011)	and	decreases	adult	lifespan	of	in-
fected	mosquitoes	 (Lorenz	 and	Koella	 2011),	 and	 it	 suggests	 early	 infection	 amplifies	 these	patterns.	
Although	the	mechanisms	underlying	virulence	are	not	known,	they	may	include	a	direct	and	density-
dependent	 effect	 of	 the	 parasite	 (as	 assumed	 in	many	models	 (Ganusov	 et	 al.	 2002;	 Alizon	 and	 van	
Baalen	2005b))	or	the	depletion	of	energy	below	a	threshold	necessary	for	the	host’s	survival	(Hall	et	al.	
2009b),	which	is	likely	to	depend	not	only	on	parasite	load	but	also	on	the	period	of	infection.	
We	 were	 particularly	 interested	 in	 whether	 the	 environment	 affected	 the	 way	 that	 the	 parasite’s	
growth	 and	 density	 influenced	 the	 severity	 of	 parasitism,	 in	 particular	 its	 host’s	 longevity.	 Naturally	










virulence.	Thus,	which	environmental	 factors	are	 important	differ	 for	 the	parasite’s	development	and	
for	the	host’s	longevity.	Thus,	while	young	age	at	infection	led	to	higher	spore	loads	and	also	reduced	









ant	 to	high	parasite	burden	can	be	 interpreted	as	 reduced	conflict	 for	 shared	 resources	under	ample	
food	and	is	consistent	with	the	findings	from	Vale	et	al.	(2011)	and	Zeller	and	Koella	(under	review).		If	
we	assume	that	transmission	is	linked	to	spore	load	similarly	in	all	environments	(which	is,	of	course	not	
necessarily	 the	 case),	 our	 results	 imply	 that	 the	 virulence-transmission	 trade-off	 differs	 among	 envi-
ronments,	with	important	consequences	for	predictions	about	the	evolution	of	virulence.	
Two	 general	 mechanisms	 can	 explain	 the	 effect	 of	 resource	 availability	 on	 the	 outcome	 of	 a	 host-











We	showed	 that	 the	 susceptibility,	 parasite	 load	and	 the	parasite’s	within-host	 growth	and	virulence	
are	complex,	age	and	resource-dependent	traits.	Therefore	the	correlation	among	ages	and	food	levels	
between	parasite	development	 and	 virulence	 can	have	 considerable	 impact	on	 the	evolutionary	out-
come	of	 infectious	disease.	The	ecological	conditions	and	the	age	at	 infection	of	hosts	have	therefore	
























parasite,	or	with	a	 coevolving	parasite	 (the	microsporidian	Vavraia	 culicis).	We	 then	 tested	 tolerance	
and	 resistance	of	 the	evolved	 lines	at	 the	 two	 food	 levels.	 Exposure	 to	parasites	during	evolution	 in-
creased	 resistance	 and	 tolerance,	 but	 there	were	 no	 differences	 between	 the	 lines	 evolved	with	 co-
evolving	or	constant	parasites.	Mosquitoes	that	had	evolved	with	food	restriction	had	higher	resistance	
than	those	evolved	with	high	food,	but	similar	tolerance.	The	mosquitoes	that	had	restricted	food	when	
being	 tested	 had	 lower	 tolerance	 than	 those	 with	 normal	 food,	 but	 there	 was	 no	 difference	 in	 re-
sistance.	Our	 results	 emphasize	 the	 complexity	 and	 dependence	 on	 environmental	 conditions	 of	 the	








opment	within	 the	host,	 thus	 leading	 to	 lower	parasite	 loads.	 Tolerance	 reduces	 the	parasite’s	detri-
mental	effects	without	affecting	parasite	load	(Read	et	al.	2008;	Råberg	et	al.	2009;	Little	et	al.	2010).		
While	resistance	and	tolerance	both	increase	the	fitness	of	an	infected	individual,	resistance	does	so	by	
reducing	 the	 parasite’s	 fitness,	 whereas	 tolerance	 does	 not.	 Whether	 hosts	 evolve	 tolerance	 or	 re-





which	would	 lead	 to	 co-evolutionary	 dynamics	with	 rapidly	 changing	 allele-frequencies	 in	 resistance-
genes.	In	contrast,	the	evolution	of	tolerance	would	benefit	both	host	and	parasite,	so	enabling	its	fixa-
tion.	Thus,	(ii)	tolerance	would	increase	more	easily	than	resistance	(Roy	and	Kirchner	2000).	However,	
(iii)	 the	parasites	 could	also	 respond	 to	 the	evolution	of	 tolerance	by	 increasing	 their	 growth	 to	 take	
advantage	of	the	weaker	constraint	(Miller	et	al.	2005).	Thus,	tolerance	would	only	be	observed	if	the	
hosts	are	infected	with	parasites	that	have	not	co-evolved	with	the	host.	Finally,	(iv)	parasites	with	low	
virulence	could	be	more	 likely	 to	select	 for	 their	hosts’	 tolerance,	whereas	high	virulence	could	 favor	
resistance	(Restif	and	Koella	2004).		





infected	 with	 Plasmodium	 chabaudi	 show	 a	 negative	 genetic	 correlation	 between	 resistance	 (peak	









differently	 under	 different	 food	 environments.	 Second,	 because	 food	 availability	 often	 alter	 virulent	






and	 its	microsporidian	 parasite	Vavraia	 culicis.	With	 an	 experimental	 evolution	 approach	we	 let	 the	
hosts	evolve	in	response	to	parasites	in	different	environments.	Our	general	goal	was	to	evaluate	some	













in	 the	 infection	of	 gut	and	epithelial	 cells.	After	a	period	of	 replication	within	 the	 larva	 the	parasites	
begin	 to	 produce	 their	 infectious	 spores,	which	 are	 transmitted	 in	 two	ways.	 First,	 transmission	 can	
occur	from	larva	to	 larva	when	spores	are	released	after	the	 larva	dies.	This	transmission	route	 is	en-
hanced	by	food	stress	or	strong	infection	(Bedhomme	et	al.	2004).	Second,	 if	 larvae	survive	the	infec-
tion	to	develop	into	adults	the	spores	can	be	released	when	the	mosquito	dies	in	the	aquatic	environ-


















deionized	 water.	 In	 the	 first	 generation	 constant	 parasite	 and	 coevolution	 treatments	 received	 the	









the	 next	 generation	 of	 hosts	 was	 started.	 Before	 starting	 a	 new	 generation	 we	 eliminated	 Vavraia	
spores	from	the	eggs	by	bleaching	the	eggs	of	all	lines	with	1%	household	bleach.		4.2.3 Measuring	result	of	experimental	evolution	












cotton	 wool	moistened	with	 10%	 sugar	 solution	 was	 placed	 onto	 the	 netting	 remoistened	 every	 48	
hours	and	changed	every	72	hours.	One	day	after	emergence	the	males	were	discarded	and	the	females	
where	 checked	 every	 day	 for	 survival.	 The	 experiment	was	 stopped	when	 all	 of	 the	mosquitoes	 had	
died	(57	days	after	hatching).	4.2.4 Spore	measurement	
Vavraia	culicis	spores	were	measured	with	a	haemocytometer.	Each	mosquito	was	individually	placed	
into	 a	 2ml	 Eppendorf	 tube	 containing	200μl	 distilled	water	 and	a	5mm	steal	 bead.	Mosquitoes	were	
crushed	by	shaking	the	tube	for	3	minutes	at	35	Hz	(Tissue	Lyser,	Qiagen,	Valancia,	California).	Eight	μl	










ties	of	 infection	were	analyzed	with	a	generalized	 linear	mixed	effect	model	 (GLMM;	binomial	errors,	
logit	 link,	 using	 the	 lme4	package)	 that	 included	 food	 level,	 the	 two	 factors	 (parasite	 and	 food	 level)	
during	the	evolutionary	history	and	all	their	interaction	as	fixed	factors,	and	replicate	of	the	evolution	
treatment	as	a	random	effect	nested	within	evolution	treatment.	Spore	load	of	infected	individuals	was	
analyzed	with	a	 linear	mixed	effect	model	 that	 included	the	same	factors.	Longevity	of	adult	mosqui-
toes	was	analyzed	with	a	 linear	mixed	effect	model	 that	 included	food,	parasite	during	evolution	and	
food	during	evolution	as	fixed	factors,	spore	load	as	continuous	variable	and	replicate	nested	within	the	
evolution	 treatments.	A	 significant	 interaction	between	 spore	 load	 and	experimental	 factors	 indicate	




transfromed	 for	 all	 analyses.	 Full	models	 included	all	 possible	 interactions.	Minimal	models	were	de-
rived	 by	 removing	 unsignificant	 terms	 followed	 by	 model	 comparisons	 with	 likelihood-ratio	 tests.	 If	
removing	a	term	significantly	reduced	the	explanatory	power	of	the	model,	it	was	kept	in	the	model.	
The	relationship	between	resistance	(mean	inverse	parasite	burden)	and	tolerance	(slope	between	par-





Qualitative	 resistance	was	 affected	 by	 none	 of	 our	 experimental	 factors	 (Table	 4.1).	Quantitative	 re-
sistance	was	affected	by	parasitism	and	food	level	during	evolution	(Table	4.1,	Figure	4.1).	When	mos-
quitoes	were	exposed	to	parasites	during	evolution	they	generally	showed	higher	resistances.	Post-hoc	
test	 between	 coevolution	 and	 constant	 parasite	 treatments	 showed	no	 significant	 differences	 for	 re-
sistance	(analysis	not	shown).	Mosquitoes	originating	from	lines	with	food	restriction	during	evolution	





Factor	 df	 χ2	 p	 χ2	 p	
Food	 1	 0.19	 0.667	 >0.01	 0.953	
Evolution	parasite	 2	 6.05	 0.049	 2.89	 0.236	
Evolution	food	 1	 7.13	 0.008	 0.52	 0.473	
Food	*	Evolution	parasite	 2	 1.66	 0.436	 1.91	 0.384	
Food	*	Evolution	food	 1	 1.19	 0.276	 0.09	 0.767	
Evolution	parasite	*	Evolution	food	 2	 1.84	 0.398	 0.40	 0.819	
Food	*	Evolution	parasite	*	Evolution	food	 2	 1.40	 0.497	 1.96	 0.375	 	
	
Tolerance	significantly	varied	between	food	treatments	and	between	lines	with	different	types	of	para-




and	 evolution	 parasite	 (Table	 4.2,	 Figure	 4.1)).	 Tolerance	was	 significantly	 higher	 for	 lines	 with	 high	
food	availability	 and	 for	 lines	originating	 from	 lines	 that	were	exposed	 to	parasites	during	evolution.	
Post-hoc	test	between	coevolution	and	constant	parasite	treatments	showed	no	significant	differences	











Factor	 df	 Chisq	 p	
Parasite	load	 1	 2.53	 0.111	
Food	 1	 1.19	 0.275	
Evolution	parasite	 2	 0.70	 0.706	
Evolution	food	 1	 2.50	 0.114	
Parasite	load	*	Food	 1	 18.95	 <	0.001	
Parasite	load	*	Evolution	parasite	 2	 7.03	 0.030	
Food	*	Evolution	parasite	 2	 4.89	 0.087	





































































































































culicis	 are	 evolvable	 traits,	 so	 that	mosquito	 lines	 that	 were	 exposed	 to	 parasitism	 during	 evolution	
show	both	a	higher	resistance	and	tolerance	to	parasitism.	However	the	way	these	two	defense	traits	
evolve	 depends	 on	 the	 ecological	 settings.	 Thus,	 restricting	 food	 during	 evolution	 led	 to	 higher	 re-
sistance,	but	had	no	impact	on	tolerance.	Furthermore,	the	ecological	settings	during	the	testing	of	the	

















































That	 tolerance	 and	 resistance	 both	 increased	 as	 an	 evolutionary	 response	 to	microsporidia	 infection	





study	 (Howick	 and	 Lazzaro	 2014),	 although	 most	 other	 studies	 show	 either	 no	 genetic	 correlation	
(Sternberg	 et	 al.	 2012;	Mazé-Guilmo	 et	 al.	 2014)	 or	 a	 negative	 one	 (Råberg	 et	 al.	 2007;	 Vincent	 and	
Sharp	2014).		However,	the	fact	that	different	evolutionary	environments	led	to	different	evolutionary	
pathways	 suggests	 that	 any	possible	 positive	 genetic	 correlation	was	not	 strong	 enough	 to	 constrain	
the	evolution	of	the	two	defense	strategies,	so	that	the	two	can	evolve	more	or	less	independently.	The	
observed	positive	correlation	also	emphasizes	that	correlations	among	population	should	not	be	con-
sidered	as	evidence	 for	 trade-offs	or	positive	 links,	as	 they	 result	 from	a	combination	of	 selection	on	
both	traits	and	the	genetic	correlation	between	them	(Simms	and	Triplett	1994;	Restif	and	Koella	2004).	
We	 found	no	differences	 in	 resistance	and	 tolerance	between	 lines	 that	were	exposed	 to	 coevolving	
parasites	or	 constant	parasites.	Accordingly	our	data	does	not	 support	both	of	 the	 self-contradictory	
predictions	 that	 coevolution	 either	 increases	 tolerance	 because	 of	 its	 lower	 impact	 on	 the	 parasites	





elevated	 resistance	 (Hochberg	 and	 Baalen	 1998;	 D.	 C.	 Lopez-Pascua	 and	 Buckling	 2008;	 Boots	 2011;	




However,	because	 in	our	system	well-fed	mosquitoes	evolved	to	be	tolerant	 to	 infection,	mosquitoes	




results	 are	 in	accordance	with	 the	prediction	 that	higher	 levels	of	 virulence	 (in	our	 case	 triggered	by	
resource	restriction)	results	in	the	evolution	of	increased	resistance	(Restif	and	Koella	2004).	An	alter-














heterogeneity,	 condition-dependent	 evolutionary	 costs	 and	 non-independence	 between	 both	 traits	
when	modeling	 the	 evolution	 of	 resistance	 and	 tolerance.	Our	 study	 provides	 further	 an	 example	 of	



























maturity	 and	 other	 traits.	 We	 also	 found	 no	 differences	 in	 age	 at	 maturity	 between	 lines	 with	 co-
















history	 theory	 predicts	 that	 earlier	 reproducing	 hosts	 will	 have	 a	 selective	 advantage,	 because	 they	
might	be	able	 to	evade	parasitism	 in	 time	and,	when	parasitized,	 reduce	 the	 impact	of	parasitism	on	
reproductive	 success	 and	 survival	 (Hochberg	 et	 al.	 1992;	 Forbes	 1993;	 Perrin	 and	 Christe	 1996).	 Life	
history	 traits	of	 the	host,	which	have	been	 shown	 to	 respond	 to	parasitism,	 include	early	 versus	 late	





tion	 in	 one	 trait	 (e.g.	 maturing	 early)	 might	 be	 associated	 with	 penalties	 in	 another	 trait,	 such	 as	



















restriction	phenotypically	plastic	 (including	Ae.aegypti	 -	V.culicis	 system	that	we	study).	A	 lot	of	hosts	




types,	 it	 is	 likely	 to	 evolve	 differently	 under	 variable	 conditions.	 However,	 how	 phenotypic	 plasticity	
evolves	experimentally	has	rarely	been	investigated.	
We	use	an	experimental	evolution	approach	with	 the	mosquito	Aedes	aegypti	 and	 its	microsporidian	
parasite	Vavraia	culicis	to	examine	how	the	life	histories	of	the	host	change,	by	letting	hosts	evolve	in	
response	to	parasites	under	different	resource	levels.	Studying	different	levels	of	resources	can	be	rele-
vant	because	potential	 trade-offs	between	different	 life	history	 traits	might	only	be	detectable	when	


































In	 the	 first	 generation	 constant	 parasite	 and	 coevolution	 treatments	 received	 the	 same	 solution	 of	
spores	prepared	from	the	standard	lab	colony.	Two	days	after	infection	the	four	groups	of	larvae	from	
each	 line	were	moved	to	one	200	*	150	*	50	mm	plastic	 tray	containing	1.5	 liter	of	deionized	water.	
Pupae	were	transferred	 into	cages	(30x30x30	cm	size)	containing	sugar	solution	and	a	cup	containing	















First,	we	 reared	 the	 larvae	 individually	 in	3ml	deionized	water	 in	 the	wells	of	12-well	plates.	We	had	
between	219	and	224	first-instar	 larvae	per	 line	(in	total	4005	larvae).	Each	larva	was	haphazardly	as-
signed	to	one	of	the	four	treatments	(between	53	and	56	individuals	per	treatment	and	line).	Second,	
we	 exposed	 larvae	 to	 the	 parasite	 by	 adding	 100µl	 of	 a	 solution	 containing	 2.0	 x	 106	Vavraia	 culicis	
spores	 per	ml	 deionized	water.	 Third,	 pupae	were	moved	 to	 50ml	 Falcon	 tube	 containing	 deionized	
water	and	a	piece	of	filter	paper.	The	cups	were	covered	with	mosquito	netting,	and	cotton	wool	mois-
tened	with	10%	sugar	solution	was	placed	onto	the	netting	remoistened	every	48	hours	and	changed	
every	72	hours.	One	day	after	emergence	 the	males	were	discarded	and	 the	 females	where	checked	
every	day	for	survival.	The	experiment	was	stopped	69	days	after	hatch	when	all	of	the	mosquitoes	had	
died.	5.2.4 Trait	measurement	
The	 size	 of	 adults	was	 assayed	 as	 the	mean	 of	 their	wing	 length,	which	 strongly	 correlates	with	 the	












cate	 evolutionary	 differences	 in	 phenotypic	 plasticity.	Wing	 length	was	 analyzed	with	 a	 linear	mixed	
effect	model	(lmer	function	from	lme4	package)	that	included	parasite	infection,	food	availability,	para-






A	total	of	3716	out	of	4005	 (93%)	mosquitoes	survived	to	adulthood.	1764	 (47.5%)	of	 these	were	 fe-







Figure	 5.1)).	When	mosquitoes	were	 exposed	 to	 parasites	 during	 evolution	 they	matured	 at	 a	 lower	
age.	This	was	particularly	the	case	when	infected	with	V.culicis	(significant	interaction	between	parasite	
infection	and	type	of	parasitism	during	evolution).	Tukey’s	HSD	post	hoc	test	between	coevolution	and	
constant	 parasite	 treatments	 showed	 no	 significant	 differences	 for	 age	 at	 pupation	 (analysis	 not	
shown).	In	addition	the	type	of	parasitism	and	food	availability	during	evolution	affected	the	phenotyp-
ic	plastic	response	to	parasitism	and	food	restriction	(significant	interactions	between	evolution	treat-
ments	 and	 “tested”	 treatments).	 For	 example,	 mosquitoes	 that	 were	 not	 exposed	 to	 parasites	 and	
raised	on	ample	food	during	evolution	(control	high	food),	showed	in	developmental	time	the	highest	
phenotypic	plastic	response	when	exposed	to	parasitism	(for	high	and	low	food	(Figure	5.2a	and	5.2c).)	
Contrary	 to	 that,	 we	 find	 the	 lowest	 phenotypic	 plastic	 response	 to	 food	 restriction	 for	 individuals,	
which	were	not	exposed	to	parasitism	and	had	low	food	availability	during	evolution	(control	low	food,	
Figure	5.2b).		
The	wing	 length	was	significantly	 influenced	by	 food	availability	and	by	 the	 interaction	between	 food	
and	parasite	infection.	It	was	lowest	for	parasitized	mosquitoes	with	low	food	availability.	Furthermore	
the	 three-way	 interaction	 between	 parasite	 infection,	 type	 of	 parasitism	 and	 food	 availability	 during	
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fluenced	 the	 longevity	 in	 combination	with	 parasites	 during	 evolution.	 The	 coevolved	 lines	 generally	
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Factor	 df	 χ2	 p	 χ2	 p	 χ2	 p	 χ2	 p	
Parasite	 1	 0.38	 0.538	 133.67	 <	0.001	 0.02	 0.896	 104.49	 <	0.001	
Food	 1	 9.95	 0.002	 1446.75	 <	0.001	 241.62	 <	0.001	 244.14	 <	0.001	
Evolution	parasite	 2	 2.91	 0.233	 7.94	 0.019	 1.46	 0.483	 4.88	 0.087	
Evolution	food	 1	 1.00	 0.317	 2.38	 0.123	 0.01	 0.919	 0.00	 0.968	
Parasite	x	food	 2	 7.34	 0.007	 40.09	 <	0.001	 5.60	 0.018	 10.44	 0.001	
Parasite	x	evolution	
parasite	
2	 0.12	 0.943	 18.52	 <	0.001	 3.11	 0.211	 10.69	 0.005	
Food	x	evolution	parasite	 2	 1.02	 0.601	 6.94	 0.031	 3.40	 0.183	 6.16	 0.046	
Parasite	x	evolution	food	 1	 0.03	 0.862	 6.37	 0.012	 1.12	 0.290	 0.35	 0.557	
Food	x	evolution	food	 1	 0.91	 0.339	 8.60	 0.003	 0.01	 0.917	 2.20	 0.138	
Evolution	parasite	x	
evolution	food		
2	 5.14	 0.076	 3.84	 0.146	 3.86	 0.145	 9.57	 0.008	
Parasite	x	food	x	evolution	
parasite	
2	 0.11	 0.949	 0.26	 0.878	 2.36	 0.308	 7.73	 0.021	
Parasite	x	food	x	evolution	
food	
1	 3.04	 0.081	 4.01	 0.045	 0.48	 0.489	 2.16	 0.141	
Parasite	x	evolution	
parasite	x	evolution	food	
2	 2.52	 0.283	 5.76	 0.056	 6.35	 0.042	 1.29	 0.526	
Food	x	evolution	parasite	x	
evolution	food	
2	 0.28	 0.871	 4.06	 0.131	 7.21	 0.027	 3.40	 0.183	








quitoes	originating	 from	 lines	 that	were	exposed	 to	parasitism	during	evolution	pupated	earlier	com-
pared	 to	 control	 lines.	 These	 results	 are	 in	 accordance	 with	 the	 prediction	 that	 earlier	 reproducing	
hosts	will	 evolve	 to	 reduce	 the	 impact	 of	 parasitism	 (Hochberg	 et	 al.	 1992;	 Forbes	 1993;	 Perrin	 and	
Christe	 1996).	 This	was	 particularly	 the	 case	when	mosquitoes	were	 exposed	 to	 infection	 and	 under	






The	 shift	 had	 no	 negative	 consequences	 for	 the	 adult	 body	 size.	 Accordingly,	mosquitoes	 that	 were	
faced	to	parasitism	during	evolution	are	able	to	grow	faster,	when	parasitized.	As	the	level	of	parasites	





evolution	generally	 lived	 longer,	again	especially	under	parasite	exposure	and	 food	restriction	 (Figure	
5.3d	 and	5.3e).	 These	 results	 indicate,	 that	 the	 evolved	early	maturation	 seems	not	 to	be	 traded-off	
with	the	mosquito’s	body	size	or	the	adult	longevity.	Mosquitoes	that	were	exposed	to	parasites	during	
evolution	generally	showed	a	shorter	development	time,	an	equal	body	size	and	a	longer	survival	com-






ences.	A	striking	result	was,	 that	 individuals	originating	 from	most	of	 the	coevolved	 lines	 lived	 longer	
compared	to	mosquitoes	from	lines	with	constant	parasites.	One	explanation	could	be,	that	the	evolu-
tionary	 rate	 of	 change	 in	 the	 host’s	 longevity	was	 accelerated	 by	 co-evolving	 parasites	 (evolutionary	





and	 without	 parasites.	 Restricted	 resources	 therefore	 seem	 to	 impede	 the	 host’s	 ability	 to	 adapt	
against	co-evolving	parasites.	Accordingly,	co-evolution	against	V.culicis	parasites	might	be	costly.		
In	 addition	 to	 the	 evolved	 adaptations	 in	 life	 histories	 discussed	 above,	 the	 ecological	 setting	 during	
evolution	also	affected	the	mosquito’s	phenotypic	plasticity.	The	environment	in	that	they	were	tested	
explained	 the	 biggest	 part	 of	 the	 phenotypic	 plasticity	 (development	 time	 and	wing	 length).	 Still	 we	


















(Dmitriew	 2011),	 increases	 reproductive	 success.	We	 show,	 however,	 that	 compensatory	 growth	 did	
not	increase	reproductive	success.	Moving	from	high	to	low	food	availability	also	had	unexpected	con-
sequences,	leading	to	lower	reproductive	success	than	consistently	badly	nourished	individuals.	Varying	
nutrition	 is	 thus	clearly	 important	to	understand	population	ecology	and	 life-history	evolution.	 I	 think	
that	life-history	theory	should	be	extended	to	include	these	long-term	effects	of	early	nutrition.	These	
results	are	also	 important	because	such	effects	of	early	nutrition,	that	alter	adult	traits,	can	 influence	






site	 development	 and	 host	 health.	 However	we	 show	 that	 food	 availability	 and	 age	 at	 infection	 can	
change	the	effect	of	parasite	growth	on	host	longevity.	Such	context-dependent	relationship	between	









parasite	 evolves	 in	 different	 environments.	 Unsurprisingly,	 tolerance	 and	 resistance	 to	 disease	 both	
increased	 if	mosquitoes	were	exposed	 to	parasites.	However,	 in	different	evolutionary	 scenarios,	dif-
ferent	combinations	of	these	two	defense	strategies	evolved,	and	in	different	ecological	settings	their	
expression	 varied. For	 example,	 we	 found	 that	 lines	 that	 had	 evolved	with	 low	 food	 had	 higher	 re-
sistance	than	those	evolved	with	high	food,	but	there	was	no	difference	in	tolerance.	When	we	tested	





sites	might	 interact	 to	determine	the	evolution	of	 resistance.	Such	findings	are	also	clinically	 relevant	
and	might	help	to	elucidate	the	evolutionary	implications	of	tolerance	and	resistance	based	therapies.	
More	 broadly	 this	 chapter	 should	 help	 to	 increase	 our	 knowledge	 of	 the	 environmental	 and	 genetic	







there	 is	no	 infection.	Mosquitoes	 that	were	exposed	 to	parasites	during	evolution	had	shorter	devel-
opment	 times,	 an	 equal	 body	 size	 and	 even	 a	 longer	 longevity	 compared	 to	mosquitoes	 originating	
from	control	lines.	This	suggests	no	evident	trade-offs	between	the	traits	we	measured.	The	microspor-
idian	parasite	 therefore	seems	to	exert	a	general	and	directional	 selection	pressure	on	 the	host’s	 life	
histories.	However,	the	fact	that	environmental	conditions	during	evolution	and	co-evolution	had	many	
effects	 in	 the	expression	of	 the	host’s	 life-history	 traits	 illustrates	 the	complexity	of	host-parasite	 co-








could	be	 to	quantify	costs	of	 fast	growth	by	comparing	oxidative	 stress	and	physiological	parameters	














peak	 parasite	 density.	 This	 is	 done	 because	 parasite	 load	 increases	 with	 time	 after	 infection	 and	 is	






















ered	 are	of	 relevance	 for	 several	main	 areas	 in	 evolutionary	 ecology,	 including	 life	 history	 evolution,	
epidemiology	and	resource	ecology,	and	have	 implications	 for	 future	research	 in	these	fields.	By	con-
sidering	that	environmental	conditions	can	vary	drastically	across	the	host’s	habitat,	and	because	“the	
only	 thing	 that	 is	 constant	 is	 change”	 (Heraclitus,	 ~	 500	 BC),	 the	 knowledge	 presented	 in	 this	 thesis	
must	be	considered	to	 fully	understand	host-parasite	 interactions	and	their	co-evolution.	 It	also	must	
be	 incorporated	when	predicting	parasite	 evolution	and	especially	when	managing	parasites.	 The	 re-
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